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We describe the characterization and a functional analysis in Xenopus development of RalB, a small G protein. RalB RNA
nd protein are detectable during oogenesis and early development, but the gene is expressed only weakly in adult tissues.
he RalB transcripts are processed by poly(A) extension during oocyte maturation and up to the gastrulation stage.
icroinjection of wild-type or mutant RalB RNAs was performed in fertilized eggs in order to gain insight into the function
f RalB during development. We show that during cleavage stages the activated GTP form of RalB specifically induces a
ortical reaction that affects the localization of pigment granules. The use of different drugs suggests that this reaction is
ependent on the outer cortical actin array. The relation between F-actin and RalB was shown by confocal analysis.
njection of mRNAs encoding the mutated activated form of RalB leads, at dependent doses, to a blocking of gastrulation
r defects in closing of neural folding structures. In contrast, the inactivated form blocks only the closing of neural tube.
ltogether, these observations suggest that RalB is part of a regulatory pathway that may affect the blastomere cytoskeleton
nd take part in early development. © 1999 Academic Press
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Cellular specification during inductive events and axis
formation in embryogenesis is the result of the interpreta-
tion of signals exchanged between cells or cellular groups.
During amphibian oogenesis, the oocyte accumulates ma-
ternal proteins and RNAs that contribute toward the defi-
nition of cellular competence during early development.
These molecules, which can be dormant until late oogen-
esis or early embryogenesis, are important for the selection
of the early transcribed genes or protein products involved
in inductive mechanisms or pattern formation. In order to
characterize such proteins, we constructed a subtractive
library which was enriched in maternal RNAs preferen-
tially expressed during early development and depleted of
Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. Y16259.
1 To whom correspondence should be addressed. Fax: (33) 01 44
o7 76 07. E-mail: moreauja@ijm.jussieu.fr.
268ousekeeping RNAs (Moreau et al., 1995). Using differen-
ial screening of this library, we identified a gene that is
omologous to mammalian RalB and belongs to the family
f small GTPase proteins within the Ras superfamily.
embers of this family share 30–60% amino acid identity
nd are usually well conserved (over 90%) between different
pecies. Small GTPase proteins are found in two intercon-
ertible forms: GDP-bound inactive and GTP-bound active
orms (Bourne et al., 1991). Small GTPases are involved in
any cellular functions, such as cell cycle progression,
ifferentiation, cytoskeleton organization, protein trans-
ort, and secretion (Boguski and McCormick, 1993). Ras
enes have also been found to be involved in the mecha-
ism of message transduction during embryonic induction
y FGF and activin (Whitman and Melton, 1992; LaBonne
nd Whitman, 1994), as well as in ventral patterning by
MP-4 signaling (Xu et al., 1996).
Ras-dependent activation is considered to be the main
athway in signal transduction, but the involvement of the
ther members of the Ras family in early development is
0012-1606/99 $30.00
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269Control of Cortex Structural Organization by Protein GTPase RalBpoorly documented. Transduction pathways involving Ras/
Raf and MAP kinase (Marshall, 1995) have been character-
ized in somatic cells and are also involved in FGF signaling
induction in the early embryo (McNicol et al., 1993; Umb-
hauer et al., 1995). However, the response of a cell to
tyrosine kinase receptor activation is more complex. More
recently, genetic (White et al., 1995) and biochemical
(Rodriguez-Viciana et al., 1994; White et al., 1996) studies
have led to the conclusion that other downstream
crosstalking pathways are influenced by Ras-mediated sig-
naling, possibly through several effector molecules. Among
them, a regulatory cascade through Ral-GTPases (Urano et
al., 1996) has been described. Ral, unlike Ras, does not
induce transformation when it is locked in its active GTP
state (Urano et al., 1996). The Ral nucleotide dissociation
stimulator (RalGDS) cooperates synergistically with the
Ras pathway to transform NIH 3T3 cells (White et al.,
1996). A few genes coding for proteins interacting with RalB
have been isolated by the yeast two-hybrid screen (Cantor
et al., 1995; Park and Weinberg, 1995; Jullien-Flores et al.,
1995). These proteins also interact with other proteins of
the Ras family: the Rac/Rho GTPases, which are involved
in the regulation of the cytoskeleton and cell migration
during morphogenesis (for review see Chant and Stowers,
1995; Ridley, 1996; Craig and Johnson, 1996). In this study,
we show that RalB could be an important regulator of the
actin array, which participates in the cascade transduction
pathway regulating gastrulation or neurulation in early
development.
MATERIALS AND METHODS
Embryos
Xenopus were imported from South Africa (South African Farms,
Fish Hoek) or from the CNRS frog colony (Montpellier). Animals
were accommodated and fed as described by Gurdon et al. (1984).
mbryos were fertilized in vitro and chemically dejellied with 2%
cysteine–HCl, pH 7.8, then maintained in 0.83 MBS (modified
Barth’s solution, pH 7.9) (Gurdon and Wickens, 1983) until micro-
injection. Microinjection was performed in a solution of 13 MBS
ontaining 4% Ficoll, followed by incubation of the embryos
vernight at 16°C in 0.13 MBS Ficoll 2% and then at 18–22°C until
hey reached the appropriate stages (according to Nieuwkoop and
aber, 1956). b-Galactosidase activity was detected by methods
described by Vize et al. (1991).
Cloning and DNA Sequencing
We isolated cDNA from a lgt10 Xenopus oocyte library (a gift of
. Melton), using an insert identified in a subtractive library (Mat
38) (Moreau et al., 1995) subcloned into a Bluescript KS(1) vector
nd sequenced by the dideoxy chain-termination method (Sanger et
l., 1977) in both orientations and analyzed with an automatic ABI
RISM Model 373 DNA sequencer. The sequence data are depos-
ted under Accession No. Y16259 in the EMBL/GenBank Data
ibraries.
Copyright © 1999 by Academic Press. All rightSite-Directed Mutagenesis
The cDNA encoding Xenopus RalB was subcloned in the RN3
vector (Lemaire et al., 1995) and mutagenesis was performed by
PCR with oligonucleotides containing the selected mutations. We
confirmed the presence of the mutated nucleotide by sequencing
and in vitro translation using the reticulocyte system (Promega).
PAT Analysis
The poly(A) test (PAT) was carried out as described by Salle´s and
Strickland (1995). Both the synthesis of cDNA and the PCRs were
carried out with an oligo(dT) anchor as 39 primer (59-CTCGAGCG-
GCCGCT12). The 59 oligonucleotide primer for the first PCR, 59-CCA-
AGGAATATCCGTGTCAGGGTGAGG-39, was 242 nucleotides
from poly(A) and the 59 oligonucleotide primer for the second PCR,
59-CCAAGAGCAAATGGCATTTTGAAGCGC-39, was 183 nu-
cleotides from poly(A). PCR was carried out with unlabeled nucle-
otide and the amplification products were analyzed by nondena-
turing 2% NuSieve agarose gel electrophoresis, then transferred
onto Hybond N1 membrane (Amersham) and hybridized with a
alB probe corresponding to EcoRI–BamHI fragment (2 kb).
Electrophoretic Analysis and Immunoblotting
of Proteins
Proteins from oocytes and embryos were extracted and analyzed
as previously described (Gusse et al., 1989). Protein extracts were
separated by SDS–PAGE on a 12.5% acrylamide gel and transferred
to a Hybond C membrane (Amersham). The membrane was probed
overnight at 4°C with anti-mouse RalB antibodies (Transduction
Laboratories) diluted 1/500. The secondary antibody was an anti-
rabbit peroxidase. The signals were detected by chemilumines-
cence (ECL; Amersham). As an internal control for variations in the
amount of protein present, the level of PCNA protein (Leibovici et
al., 1992) was determined by reprobing the membrane with anti-
PCNA antibodies.
Drug Treatment
When the embryos reached either the 2-cell or the 64-cell stage
cytoskeletal inhibitors were added to the medium (13 MBS con-
taining 4% Ficoll) at the following concentrations: 6 to 25 mg ml21
cytochalasin B, 15 mg ml21 nocodazole, 20 mg ml21 Taxol (all
uspended in DMSO). Control embryos were incubated in medium
ontaining DMSO 10 ml ml21.
DNA Cloning and RNA Production
Wild-type and mutant forms of Xenopus RalB were subcloned
into the RN3 vector, which contained a poly(A) tail and 59 and 36
untranslated sequences from the Xenopus globin gene (Lemaire et
al., 1995), a gift from P. Lemaire. Sense RNA transcripts were
produced by T3 RNA polymerase from the RN3 recombinant
plasmid linearized with Asp718. In vitro transcription was per-
formed with the mMessage mMachine System (Ambion) according
to the manufacturer’s instructions and transcripts were purified by
LiCl precipitation to remove oligonucleotides. b-Galactosidase
mRNA containing a nuclear localization signal was produced from
the pSP6nucbGal plasmid (gift from R. Harland).
s of reproduction in any form reserved.
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270 Moreau et al.Confocal Microscopy Analysis
The animal caps were observed using a Leica TCS–4D confocal
imaging system (Leica Instruments, Heidelberg, Germany)
equipped with a 403 objective (NA 1.0) or 633 objective (NA 1.4).
or FITC and TRITC an argon–krypton ion laser adjusted at 488
nd 568 nm, respectively, was used. For each optical section,
ouble florescence images were acquired in sequential mode to
void potential contamination by linkage-specific fluorescence
mission “crosstalk.” The signal was treated with line averaging to
ntegrate the signal collected over four frames in order to reduce
oise. A focal series was collected for each specimen. The focus
tep between the sections was generally 1 mm. Focal series were
hen processed to produce a single composite image, combining
igh spatial resolution and greater depth of field.
Fixation and Staining of Embryos with QE5
Antibody and Rhodamine-Phalloidin
QE5 (Pante´ et al., 1994) (a gift from R. Bastos) is a monoclonal
antibody which recognizes three polypeptides of nuclear envelope.
Embryos of Xenopus laevis at the midblastula-transition (MBT)
stage were permeabilized for 15 min at room temperature in 80 mM
Hepes, pH 6.8, 1 mM MgCl2, 100 mM EDTA, 30% glycerol, 0.1%
riton X-100. Embryos were fixed at room temperature overnight
n PBS 13–formaldehyde 1.4%. After fixation, the embryos were
ncubated with PBS 13–BSA 1% to saturate nonspecific sites. They
ere then incubated at 4°C overnight with QE5 diluted 1/200 in
BS 13, washed 5 h at 4°C in PBS 13–Triton X-100 0.1%, and then
reincubated overnight at 4°C with an anti-IgG mouse FITC diluted
1/10. The embryos were then washed and manually dissected
under a binocular microscope. Animal caps were incubated 25 min
at room temperature in rhodamine–phalloidin (7.5 mg/ml) in PBS
3, then washed 20 min at room temperature in PBS 13–Triton
-100 0.1%. For confocal microscopy, animal caps were mounted
n Citifluor between glass slide and coverglass.
RESULTS
Isolation and Characterization of Xenopus RalB
cDNA
We have previously described the construction of a sub-
tractive cDNA library enriched in RNAs specifically ex-
pressed in oocytes and expressed only weakly or not at all in
adults (Moreau et al., 1995). From this library we identified
a cDNA clone (Mat 138) containing a fragment which
hybridized with a mRNA expressed during early develop-
ment and hardly detectable in adult tissues. This fragment
was used as a probe to isolate a cDNA clone from a X. laevis
oocyte. This clone encodes a protein homologous to mam-
malian RalB (Fig. 1) (Chardin and Tavitian, 1986; Wildey et
l., 1993). The open reading frame encodes a protein con-
aining 206 amino acids (Fig. 1) (Mr 23,423), showing 95.6
nd 94.7% identity with human and murine RalB proteins,
espectively. The functional domains, including the GDP/
TP binding domain, the effector domain, and the mem-
rane attachment CAAX box, are 100% conserved. The
ucleotide sequence for the largest XRalB clone is 2646 bp,
hich is close to the size, estimated by Northern analysis,
f XRalB RNA, 2.8 kb (Fig. 2). This cDNA contains the a
Copyright © 1999 by Academic Press. All rightomplete coding sequence (618 nucleotides), a short 59
ntranslated region (45 nucleotides) and a long 39 untrans-
ated region (1970 nucleotides). A typical polyadenylation
ignal was found 22 bases upstream of the poly(A) tail and a
-rich sequence (14 U/16 nucleotides) 1010 bases from the
oly(A) tail (Fig. 3A). This sequence is conserved at a similar
osition in the 39 UTR in RalB mRNA from rat, but is not
resent in RalA (Wildey et al., 1993). The neighboring
equence of the first ATG is consistent with the translation
nitiation start site proposed by Kozak (1987).
RalB mRNA Is Expressed during the Early
Development of Xenopus and Exhibits
Posttranscriptional Regulation at Maturation
A single poly(A)1 XRalB RNA transcript of 2.8 kb is
detectable from stage I oocyte up to the tadpole stage. This
transcript is present at a relatively high level until gastrula
(Fig. 2), after which its quantity decreases. In adult tissues,
XRalB is weakly expressed, in agreement with its pattern of
expression in mammals (Wildey et al., 1993). The highest
levels of RalB mRNA were found in heart, brain, and testes.
No expression was detected in Xenopus A6 cells in culture.
o specific localization of transcript was detected by
hole-mount in situ hybridization (Knecht et al., 1995) in
mbryos from the early blastula stage up to the neurula
tage (data not shown).
A significant change in the length of XRalB mRNA was
etected after oocyte maturation. Two cis-acting elements
ocated in the 39 UTRs controlling the poly(A) extension are
resent in the 39 UTR of XRalB mRNA (Fig. 3). The hex-
nucleotide AAUAAA is 22 nucleotides from the 39-terminal
nd, and 1602 nucleotides upstream there is a cytoplasmic
olyadenylation element (CPE) UUUUUAU (Richter, 1996,
or review). Another U-rich sequence (CPE-like) has been lo-
ated 976 nucleotides upstream of the hexanucleotide. This
equence may also be required for cytoplasmic polyadenyla-
ion in embryos (Simon and Richter, 1994). To determine
hether cytoplasmic polyadenylation was responsible for the
ize variation of RalB mRNA, we analyzed RNA polyadenyl-
tion states by measuring the poly(A) tail by the PAT, accord-
ng to Salle´s and Strickland (Salle´s et al., 1994; Salle´s and
trickland, 1995). The PAT is a 39 PCR carried out with cDNA
btained by saturation of poly(A) with oligo(dT) before
ybridization with a poly(dT) anchor. This is then used to
rime reverse transcription of the mRNA. The length of the
oly(A) tail is determined by PCR amplification. We ana-
yzed the PCR products by Southern hybridization with a
robe corresponding to the 39 region of RalB mRNA in order
to confirm that the amplification was specific and that the
size increase was indeed attributable to elongation at the 39
end of the RalB mRNA. A 206-nucleotide increase in the
poly(A)1 tail of XRalB RNA was found to occur at matura-
ion (Fig. 3B), in agreement with Northern blot data. We
oncluded that RalB is predominantly expressed during
arly development, that its mRNA is modified by posttran-
criptional regulation occurring after oocyte maturation,
nd that RalB is evenly distributed in the early embryos.
s of reproduction in any form reserved.
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271Control of Cortex Structural Organization by Protein GTPase RalBXRalB Is Expressed during Late Oogenesis and
Early Developmental Stages
It has been proposed that the cytoplasmic process of
poly(A) elongation may control the translational activation
of several maternal mRNAs (Simon et al., 1992; for review
ee Seydoux, 1996). Both the sequence data and the polyad-
nylation of RalB at maturation prompted us to determine
hether translational activation of RalB occurs during early
mbryogenesis. A Western blot analysis at different devel-
pmental stages showed that XRalB protein has an apparent
olecular weight of 26 kDa and is not detected before stage
FIG. 1. Comparison of Xenopus RalB with human and rat Ral
correspond to the carboxy terminus (dark line), the region for in
nucleotide binding motif (dotted line).V of oogenesis (Fig. 4). From oogenesis to early embryogen-
Copyright © 1999 by Academic Press. All rightsis its level does not significantly vary. A slight increase in
he amount of protein was observed during late embryogen-
sis. We conclude that polyadenylation of XRalB does not
ignificantly affect the protein level and that a maternal
tore of RalB protein is already present at fertilization.
Functional Analysis of XRalB during Early
Development
Microinjection of wild-type or mutated RNA has permit-
ted the characterization of several genes involved in embry-
onic processes (Vize et al., 1991). We used this approach to
onconserved amino acids are indicated by asterisks. The boxes
tion with effector (dashed line), and the conserved sequence forB. N
teracassay for a function of RalB during Xenopus development,
s of reproduction in any form reserved.
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272 Moreau et al.comparing similar domains and biochemical properties
conserved between Ras and Ral (Frech et al., 1990), which
enabled us to use three mutant forms of RalB. RalB (G23V)
has a mutation that is analogous to the Ras oncogenic
mutation (G12V) (Emkey et al., 1991), Cdc42 (G12V), and
Rho (G14V) (Drechsel et al., 1996) in that the protein
displays a defective GTPase activity and fails to respond to
Ral-GAP. Thus it has been shown that this Ral mutant
interacts constitutively with the RalBP1 (RLIP) effector
(Jullien-Flores et al., 1995) and is maintained in an active
state. The second RalB mutant (D49N) contains a substitu-
tion corresponding to position D38 of Ha-Ras. This mutant
in the putative effector domain has lost its ability to bind
RLIP to the active GTP form of Ral (Cantor et al., 1995). A
similar substitution in the Ras gene reduces the biological
effect of RAS in mammals and is unable to complement
RAS2 in Saccharomyces cerevisiae (Sigal et al., 1986). The
third mutant, RalB (S28N), corresponds to a mutation
analogous to Ras (S17N), which decreases GTP affinity (Feig
and Cooper, 1988) and blocks the mitogenic transduction
signal in NIH 3T3 cells (Cai et al., 1990). In Xenopus early
embryogenesis, this Ras mutation has been reported to
inhibit endogenous mesoderm induction and in vitro induc-
tion by FGF or activin (Whitman and Melton, 1992).
FIG. 2. Expression of Xenopus RalB mRNA (top) during oogenesis
and embryonic development and (bottom) in adult tissues. 10 mg of
total RNA was loaded in each lane, fractionated in a formaldehyde–
agarose gel, transferred to nylon membranes, and hybridized with
32P-labeled Xenopus RalB probe. The equivalence of loading and
ntegrity of the RNA were determined with an EF1a probe.
Copyright © 1999 by Academic Press. All rightWild-type or mutated RNAs were injected into fertilized
eggs in the animal hemisphere at the one-cell or two-cell
stage. Injections of wild-type or mutant D49N and S28N
mRNA into eggs (23 1000 pg) had no detectable effect on
the cleavage of the embryos (Figs. 5A and 5B). In contrast,
injection of mutant Ral (G23V) induced depigmented ani-
mal hemispheres in embryos at the 6–6.5 stage. These
embryos were characterized by an animal cap consisting of
a large mosaic of pigmented and unpigmented blastomeres
FIG. 3. (A) Partial nucleotide 39 UTR sequence of XRalB cDNA.
he sequence corresponding to the hexanucleotide AAUAAA
nvolved in nuclear polyadenylation and the UUUUUAU-rich CPE
re underlined. A U-rich CPE-like sequence is in bold. (B) Analysis
f cytoplasmic poly(A) elongation during cleavage by PAT (Salle´s
nd Strickland, 1995). PCR products were separated by 2% agarose
el electrophoresis, transferred onto nylon Hybond N1, hybridized
with an EcoRI–BamHI RalB 32P-labeled probe, and exposed to X-ray
film. RalB cDNA cloned in Bluescript was used as a control.(Figs. 5E and 5F). Cell division appeared normal, however,
s of reproduction in any form reserved.
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273Control of Cortex Structural Organization by Protein GTPase RalBand histological analysis of embryos at stage 10 showed that
cytokinesis in injected embryos was indistinguishable from
that in uninjected embryos. The modification in the local-
ization of pigment granules was therefore not due to aber-
rant divisions. These embryos did not survive, however,
beyond the 12.5 stage. Embryos injected with a lower dose
(250 pg) of Ral (G23V) developed normally, but sometimes
displayed a weak heterogeneous pigment distribution char-
acterized by a darker area generally in the center at the cell
surface (Fig. 5C). These pigmented cells were maintained
until the neurula stage (Fig. 5D). Similar injections per-
formed (Drechsel et al., 1996) with Rho and Cdc42, two
constitutively activated GTPases of the Ras family, blocked
cytokinesis as early as the first cleavage, but did not disrupt
pigmentation. We conclude that a defective GTPase mutant
of RalB produces a specific change in the localization of
pigment granules during early development.
Pigments and Cytoskeleton
To address the causal effect of RalB (GTP) on pigment
migration we examined the potential target for this phe-
nomenon. It is not known what mechanism is responsible
for the polarized localization of pigments in oocytes and
early embryos. Several structural components have been
described as being responsible for the polarity of oocytes
during embryogenesis (reviewed in Gard, 1995). Recent
FIG. 5. Phenotypic effects of RalB RNA injections during cleavag
he 2-cell stage and (E and F) in two blastomeres. (A and B) Injecti
G23V).
IG. 6. Effects of drugs on pigment displacement. Two-cell-stage
FIG. 4. Expression of Xenopus RalB proteins. Soluble proteins
were fractionated on 12.5% SDS–polyacrylamide gel and trans-
ferred onto a Hybond C membrane. RalB protein was detected with
a mouse anti-RalB polyclonal antibody purified by affinity chroma-
tography (Transduction Laboratories) as described under Materials
and Methods. The same membrane was probed with anti-Xenopus
PCNA.D) cytochalasin B at corresponding 32-cell stage for sibling control em
Copyright © 1999 by Academic Press. All righttudies demonstrated that the cytoskeleton of stage VI
ocytes, which is polarized along the A–V axis, is composed
f three major filamentous systems: microtubules, micro-
laments of F-actin, and intermediate filaments composed
f cytokeratins. One or several of these constituents may be
mplicated in pigment localization, as is actin in retinal
pithelial cells (King-Smith et al., 1997). In order to analyze
hether a defect in the microtubule array was responsible
or the migration of pigments after injection of RalB (G23V),
e treated embryos at the two-cell stage with two different
rugs affecting microtubule polymerization: Taxol and no-
odazole. The microtubule array is disrupted by nocoda-
ole, which binds specifically to tubulins (Wilson and
ryan, 1974), while Taxol both enhances tubulin assembly
nd stabilizes microtubules. Embryos cultured from the
wo-cell stage in 20 mg/ml Taxol (Fig. 6B) were not dramati-
ally affected in their development until the large-cell
lastula stage, whereas those treated with 15 mg/ml nocoda-
ole rapidly arrested cell division at the four-cell stage.
hese embryos survived without apparent necrosis (Figs. 6B
nd 6C) until sibling control embryos reached the early
lastula stage. In both cases, no modification of the pigmen-
ation pattern was observed. This result suggested that the
ubulin array was not involved in pigment localization
uring the cleavage stage.
We treated embryos with cytochalasin B, a drug known to
isturb the actin array, in order to study the involvement of
-actin in pigment localization in the animal cap. Cytocha-
asin B binds to the barbed end of actin filaments and
isrupts their normal organization (Cooper, 1987). A few
inutes after incubation in the presence of cytochalasin B
6 to 25 mg/ml), the pigmentation moved away from one of
the cleavage axes leaving large depigmented areas. In stage
6 embryos, treated under the same conditions, the pigmen-
tation disappeared progressively from the surface of the
animal hemisphere (Fig. 6D). Cleavage continued, but em-
bryos did not reach the blastula stage. Previously, Gard et
al. (1997) showed that disruption of cytokeratin networks
has no effect on the distribution of pigment. We conclude
that the movement of pigment granules caused by RalB
(G23V) injection may not be linked to defects in the
microtubule or cytokeratin arrays, but could be related to
modification of the cortical actin matrix.
Relationship between Actin Cytoskeleton and Ral
GTP
To reveal whether depigmentation is really due to F-actin
disturbance by the activated form of Ral, we analyzed
ges. (A, B, C, and D) The injection of mRNA in one blastomere at
ith RalB (D49N) and (S28N), respectively, and (C to F) with RalB
yos were incubated with (A) DMSO, (B) Taxol, (C) nocodazole, ande sta
ons w
embr
bryos.
s of reproduction in any form reserved.
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275Control of Cortex Structural Organization by Protein GTPase RalBFIG. 7. Relationship between actin cytoskeleton and Ral mutants. Optical section of the animal hemisphere of MBT embryos. Actin cables are stained
by rhodamine–phalloidin and in each frame inset nuclei are visualized by QE5–FITC staining. (A) Control embryo, (B, C, and D) embryos microin-
jected with 2 3 1000 pg of RalB D49N, S28N, and G23V mRNA mutant, respectively. The rhodamine–phalloidin stained the F-actin surrounding
(arrow) the nuclear and interconnected cytoplasmic network and wrapping yolk platelets. Open-head arrow (D) shows the nucleus which had
moved off center. Scale bars represent 50 mm, confocal optical sections are 1 mm. (E and F) Effect of cytochalasin B on F-actin arrays. After 1 h
incubation in 25 mg/ml cytochalasin B, embryos were stained with rhodamine–phalloidin (E) and antibody QE5–FITC (F). Arrow shows nucleus
which has moved off center, as in embryos injected with activated Ral B.. Scale bars represent 50 mm and confocal optical sections are 1 mm.
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276 Moreau et al.F-actin distribution by confocal microscopy in embryos
injected with G23V mRNA. F-actin was stained with
rhodamine–phalloidin, and an antibody directed against
three nuclear proteins (QE5 antibody) was used as a control
of the cellular state. Control embryos exhibit a cytoplasmic
subcortical and perinuclear F-actin network (Fig. 7A), as
previously identified in oocytes by Roeder and Gard (1994).
Embryos injected with S28N or D49N RalB mutant gave a
similar phenotype (Figs. 7B and 7C). In contrast, the cortical
and the nuclear actin networks were disrupted in embryos
injected with G23V RalB (Fig. 7D), while the actin shell
FIG. 8. Phenotypes arising from the overexpression of XRalB. (A)
stage and (B, C, D, E, and F) 23 250 pg RNA G23V. (B) Injected sib
D) at stage 27 with unclosed neural folds, and (E) with unclose
nteroposterior axis and duplication of caudal structures.around yolk platelets was less affected. Disruption of the t
Copyright © 1999 by Academic Press. All right-actin array by cytochalasin B (Fig. 7E) similarly affects the
ortical and perinuclear networks. A displacement of the
ucleus was also observed (Fig. 7F), as in most cells from
mbryos injected with G23V (Fig. 7D). A similar modifica-
ion of the actin distribution and a shifting of the nucleus
as observed in oocytes treated with cytochalasin B (Roe-
er and Gard, 1994).
We conclude that the GTP form of RalB induces a specific
nd dramatic disruption of the cytoplasmic and cortical
-actin arrays that does not affect the actin surrounding
olk platelets and is not observed in the other RalB mutants
ion of 23 250 pg RNA (D49N) into the marginal zone at the 2-cell
mbryos examined 2.5 days postinjection. (C) Embryos at stage 19,
stopores. (F) Injection of RalB (G23V) led to a shortening of theInject
ling e
d blaested.
s of reproduction in any form reserved.
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277Control of Cortex Structural Organization by Protein GTPase RalBFunctional Analysis of RalB during Late
Development
Postblastula embryos injected with wild-type RalB RNA
or control RNAs encoding for b-Gal or GFP protein and
embryos injected with D49N mutant RNA developed nor-
mally (Fig. 8A), although a slight but reproducible decrease
in normal embryos was observed with the injection of
wild-type RNA (Fig. 9). Conversely, evident faults in devel-
opment were observed with the S28N and G23V RalB
mutants. Embryos injected with 23 1000 pg of S28N were
not significantly blocked at gastrulation or neurulation
stage. However, 59.7% of injected embryos did not close
their neural tube at tail-bud stage and surviving embryos
exhibited at tadpole stage a dorsal axis bend with a caudal
duplication. In contrast, the anterior part of embryos was
correctly formed.
The injection of G23V mRNAs again produced the stron-
gest phenotype, as in early development, which was dose
dependent. At lower doses of mutated RalB G23V RNA (250
pg), embryos developed normally up to stage 6–6.5. At that
point, cells derived from the injected blastomere displayed a
weak heterogeneous pigment distribution characterized by a
darker area generally in the center at the cell surface as previ-
ously observed (Fig. 5C). Nevertheless, almost all embryos
continued to develop until gastrulation, when 40% of them
were blocked. These pigmented cells were maintained until
the neurula stage (Fig. 5D) and often persisted in late embryos.
Two injections of 250 or 500 pg had no detectable effect on
early development until stage 10. On the other hand, 30% of
injected embryos were blocked at this stage and did not de-
velop beyond stage 12.5. The majority of the embryos that
FIG. 9. Statistical analysis of the phenotypes. The histogram sho
or b-gal/GFP, RalB, D49N, S28N, and G23V, respectively in five in
ere pooled. Data for control injection, RalB, D49N, G23V, and S
he 2-cell stage. Gray columns, embryos that died between stages
hite columns, embryos displaying an abnormal phenotype; blacksurvived beyond this stage were dramatically affected in theiranteroposterior axis (Fig. 8B). At the late gastrula stage these
embryos failed in blastopore closure (Fig. 8D) and the neural
folds of embryos at stage 13–15 had not closed (Figs. 8C–8E).
At the tadpole stage, some embryos had defects in their ante-
rior structures, such as acephaly and microcephaly, and there
were also a few cases of cyclopic embryos. The axes of these
embryos were also frequently perturbed in the caudal region
with bent axes and truncated tails. Ten to fifteen percent of
surviving embryos presented a caudal supernumerary struc-
ture (Fig. 8F). Caudal duplications are complete and appear all
along the normal axis. At higher doses (23 500 pg) all embryos
developed apparently normally until stage 9–10, except for
pigment migration, but 80% of the embryos injected did not
survive beyond gastrulation. Phenotypes elicited by RalB
(G23V) were not due to nonspecific effects caused by mRNA
toxicity since 95% of embryos injected with either GFP or
b-galactosidase mRNA displayed normal development.
Altogether, these results demonstrate that overexpres-
sion of activated RalB induces a dominant effect both in the
pigment localization through the F-actin array and in the
establishment of the anteroposterior axis. Inactivated RalB
S28N injection produces a phenotype that is mostly re-
stricted to late development.
DISCUSSION
Involvement of RalB in the Regulation of F-Actin
Organization
In this report we isolated and characterized Xenopus
RalB, a small G protein member of the Ras family. We
e mean value obtained from 178, 153, 205, 213, and 136 embryos
dent experiments. Results corresponding to control b-gal and GFP
correspond to injection of 23 1000 pg RNA in each blastomere at
nd 12.5; hatched columns, embryos that died during neurulation;
mns, normal embryos.ws th
depen
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278 Moreau et al.trol of early embryogenesis. The D49N mutant RNA does
not significantly affect the development of embryos, and
overexpression of wild-type RalB has only a slight effect
on development. The presence of a mutated activated
RalB (G23V) RNA resulted in two major embryonic de-
fects, one affecting pigment localization from the cortical
region of blastomeres and the other affecting gastrulation
or neurulation. Pigment migration affects only the blas-
tomeres around the point of injection. This phenomenon
did not extend to the adjacent blastomeres, which did not
receive the mutated RNA. Pigment movement usually
reflects a change in the outer egg cortex. A change in
distribution or aggregation of pigment granules when
embryos are exposed to ionophore A23187 in the absence
of Ca21 or Mg21 has been described (Osborn et al., 1979)
nd could be due to the reorganization of arrayed struc-
ures inside the cell. Another example of pigment granule
obility has been observed in an immortalized melano-
hore cell line (Rogers et al., 1997).
The possible involvement of the microtubule network
n pigment localization is in agreement with its role in
he transport of organelles (Berkerle and Porter, 1982;
lark and Rosenbaum, 1982). In Xenopus, melanophore
ell line pigment granules move along microtubules with
plus-end-directed fiber mobility (Rogers et al., 1997).
Pigment localization in embryos treated with nocodazole
was unaffected. This suggests that modification of the
pigment array by RalB (G23V) does not occur through the
microtubule pathway. Intermediate filaments composed
of cytokeratins are polarized in the oocyte and may also
play a role in the establishment or maintenance of polar-
ity and pigment. Experimental disruption of the CK net-
work of stage VI oocytes had no apparent effect on pig-
ment distribution (Gard et al., 1997). Our data indicate
that only cytochalasin B, which affects F-actin, induces
the disappearance of pigment. Interestingly, the actin
network is concentrated at the cortex of the early em-
bryo, where pigmented granules are embedded (Merriam
and Sauterer, 1983). The involvement of the actin cy-
toskeleton has recently been described in retinal epithe-
lium, in which cytochalasin affected the kinetic proper-
ties of pigment granule movement (King-Smith et al.,
1997). Analysis of actin cytoskeleton by confocal micros-
copy of cells from embryos treated with cytochalasin B or
injected with G23V revealed the same disruption of cor-
tical and cytoplasmic actin array. Taken together, these
data strongly suggest that RalB is involved in the control
of actin filaments and the cortical element of the blas-
tomeres to which pigments are anchored (Merriam et al.,
1983; Christensen et al., 1984).
The Constitutive GTP Form of RalB Induces
Defects during Neurulation
Lower doses of mRNA (0.2– 0.5 ng) encoding the mu-
tant RalB (G23V) weakly affected the polarized distribu-
tion pigment but significantly disrupted subsequent de-
velopment. At these doses, mutant RNA induced G
Copyright © 1999 by Academic Press. All rightevelopmental defects of the anteroposterior axis forma-
ion. Apart from a slight migration of pigment, develop-
ent was normal up to stage 10. From this stage onward
high proportion of defects, affecting mainly the dorso-
osterior structures of the embryo, was observed. Poste-
ior structures displayed short, bent, or duplicated axes.
he majority of the surviving embryos displayed either
nclosed blastopore, evocative of an incomplete gastru-
ation, or unclosed dorsal midline. A correlation between
ells containing the injected mutated RNA (identified by
o-injection of a b-gal mRNA) and unclosed neural folds
suggests that RalB controls the closure, by the presump-
tive mesodermal cells, of the neural crest. The anterior
parts of the embryo were less affected than the posterior
structures and acephalic embryos were rarely observed.
This result indicates that the involution of the cells that
constitute the head mesoderm was rarely affected. The
RalB GTP phenotypic effect observed on the F-actin array
is probably responsible for the developmental failures in
the anteroposterior axis in late development.
S28N, the inactivated form of RalB, has a restricted effect
on late development. At tail-bud stage, embryos are dorsally
curved with their neural tube unclosed or incompletely
closed, more frequently in the posterior part. The unclosing
was never seen beyond the rhombencephalic region. These
results suggest that RalB S28N (GDP form) locks the
transduction pathway and thus prevents the natural activa-
tion of RalB on the convergent extension mechanism or the
fusion of the neural folds.
Several features suggest that RalB may play a role in
the migration–adhesion of mesodermal cells. RalB is in a
regulatory pathway involving Ras, RalGDS, RLIP, and
CDC42/Rac1 (Jullien-Flores et al., 1995). In Xenopus
XTC fibroblasts, injection with a nonhydrolyzable ana-
logue of GTP inhibits ruffling and increases spreading
(Symons and Mitchison, 1992). In Drosophila, Ras ac-
tivity is required for migration of a small subset of fol-
licle cells, and expression of a dominant-negative Ral A
gene delays the initiation of border cell migration (Lee
et al., 1996). In fibroblasts, Rac1 was found to regulate
the formation of lamellipodia (membrane ruffling)
(Ridley et al., 1992) and cdc42 is responsible for the
nduction of filopodia (Ridley et al., 1995; Nodes and
all, 1995). Interestingly, it is possible that Rac regulates
ctin polymerization, since activated Rac could uncap
arbed ends of actin filaments (Hartwig et al., 1995). Rac,
ike RalB, is essential for transformation by Ras (Qiu et
l., 1995).
In order to understand the cellular function of Ral, several
aboratories have searched for proteins that can bind pref-
rentially to the active GTP form of Ral. Thus, RLIP-1
RIP1) is an effector of RalB which was characterized by the
east two-hybrid system (Jullien-Flores et al., 1995; Park
nd Weinberg, 1995) and we have recently cloned a Xenopus
LIP-1 by two-hybrid screening of a oocyte library (unpub-
ished results). This protein displays homology with the
TPase-activating protein domains of the Rho family,
s of reproduction in any form reserved.
279Control of Cortex Structural Organization by Protein GTPase RalBwhich also belongs to the Ras superfamily. Members of the
Rho family are involved in the organization of the actin
cytoskeleton and mediate mechanisms such as cell adhe-
sion and cell migration (for review, Chant and Stowers,
1995; Tapon and Hall, 1997). The constitutive activation of
RalB may in turn activate this regulatory pathway without
an upstream signal and be responsible for the disturbance of
cell migration or adhesion. The alteration in pigment local-
ization produced by RalB (GTP) points to a relationship
between this small G protein and the integrity of cortical
elements. The migration of pigments by modification of the
Ca21 gradient, cytochalasin B, or activated RalB could be
revealing of the different facets of spatial regulation of the
dynamics of actin filament organization. One hypothesis is
that inactivation of Rac by the GTP form of RalB via the
RLIP effector may uncap F-actin and lead to the disassem-
bly of actin fibers. However, the microinjection of the
D49N mutant, which possesses a point mutation in its
effector domain and does not bind RLIP, did not disrupt
development, whereas S28N, corresponding to the inacti-
vated form (GDP), has an adverse effect on development.
We conclude that an effector other than RLIP may be
present in the embryo to connect the pathway of Ral B to
F-actin. This pathway could be activated to regulate the
F-actin array during gastrulation in the animal cap and
during neurulation only in blastomeres that are specific to
the mediolateral area. The disappearance of pigment from
the cortex during the cleavage stage and the perturbation of
the anteroposterior axis may be in accordance with this
hypothetical model. We noted that translation of RalB
begins between stages III and IV of oogenesis, at a time
when pigment granules are translocated on the cortical
fibrillar actin layer to which they are anchored during late
development. This study further emphasizes the impor-
tance of the signaling pathways in embryonic development
and reveals that RalB plays a hitherto unknown role in this
regulation.
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